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Abstract
Ovine footrot is an infectious dermatitis present over the world, causing economic losses, due to costs treatments and prophylaxis measures, as 

well as animal welfare concern. The etiology of footrot is complex involving a mixed bacterial infection modulated by environmental conditions. 
Footrot is caused by Dichelobacter nodosus, as the main etiological agent, while Fusobacterium necrophorum, a secondary pathogen in footrot 
is reportedly ubiquitous on pasture. In this experiment, we infected sheep by the two bacteria to investigate pathogenicity of footrot. Sheep were 
monitored over 4 weeks for clinical symptoms and presence of Fusobacterium necrophorum and Dichelobacter nodosus specific DNA by real 
time PCR. joint and abscess in interdigital area, 2 days post infection with high bacteria load. Sheep re-infected with Dichelobacter nodosus 
showed increase in symptoms severity. 
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Introduction
Ovine footrot is a contagious foot disease of sheep with a global dis-

tribution [1,2]. The economic and welfare impact of the disease on 
sheep farming and affected animals respectively is considerable [3-5]. 
The clinical signs of footrot may vary from mild interdigital dermatitis 
(benign footrot), to separation of the sole and abaxial wall, resulting to 
complete separation of the hoof capsule [6,7]. The primary pathogen 
was first identified as Dichelobacter nodosus (D. nodosus), anaerobe 
bacteria with virulence factors involved in the pathogeneses of the 
disease, type IV fimbriae, extra-cellular serine proteases and produ-
ces a powerful enzyme that dissolves hoof horn and leads to severe 
lameness seen with classic virulent footrot [8-10]. A second patho-
gen Fusobacterium necrophorum (F. necrophorum), an opportunistic 
pathogen with reservoirs in healthy individuals causing necrobacillos-
es disease characterized by necrotic lesions and abscesses [11,12]. F. 
necrophorum, product several virulence factors such as leukotoxin, 
hemolysin and hemagglutinin, that play an essential role in the in-

fection process and acts as a secondary invader in footrot and not as 
driver of the infection, even though its role as an initiator of infection 
with D. nodosus, or a synergistic action of both, has been suggested 
[6,13-15]. In sheep, F. necrophorum invades first the interdigital skin 
causing lesions and slight inflammation, the second stage of the dis-
ease is marked by the penetration of D. nodosus in the tissues witch 
responsible agent of aggravation of the lesions until the detachment of 
the horn [7,10]. Although other bacteria including spirochaetes have 
been suggest playing a role in footrot [16-19].

The identification of the molecular mechanisms in particular the 
paramount role of AprV2 in bacterial virulence, was a stepping stone 
in understanding factors that influence disease outcomes [20,21]. The 
etiology of ovine is complex involving infection by multiple bacterial 
species modulated by environmental conditions high temperatures or 
humidity [22-24]. In this study, we characterize strains of D. nodosus 
and F. necrophorum in culture and evaluated pathogenesis by experi-
mental infection of sheep by the bacteria alone or in co-infection with 
D. nodosus to determine the role of each bacteria in the disease signs. 

Methods and Material
Preparation of the Bacterial Suspension

Fusobacterium necrophorum: The used strain of F. necrophorum 
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subsp. necrophorum (ATCC 25286), was grown in anaerobic brain 
heart infusion broth (BHI; Difco) supplemented with vitamin K and 
hemin. A late-log phase culture (7 to 8h) with an absorbance of 2.4 at 
600 nm, as measured by spectrophotometer, with a cell concentration 
of 108 CFU/mL, was centrifuged at 3500 rpm for 30 min at 4°C. The 
pellet of the culture was suspended in 10 ml PBS buffer and used to 
infect animals. 

Dichelobacter nodosus: The challenge strain of D. nodosus (ATCC 
31545) was grown in anaerobic brain heart infusion broth (BHI; Dif-
co) supplemented with vitamin K and hemin at 37°C during 48 hours. 
Confluent growth of the bacteria was confirmed on 4% hoof agar 
plates. 80 ml of the whole culture containing 107 bacteria/ml was used 
to infect animals.

Experimental Infection in Sheep

Eight 6 to 9 months sheep of Sardi breed, weighing around 35 Kg, 
were supplied by a farm that had no history of footrot. Swabs were 
taken from the interdigital skin on the foot of all lambs, and tested for 
D. nodosus and F. necrophorum by PCR. Sheep were maintained in 
animal boxes (Biosecurity level 3 containment) two weeks under ob-
servation before starting the experiment and were fed a complete bal-

anced diet and water ad libitum. Infection was carried out according 
to international guidelines described for the care and handling of ex-
perimental animals, chapter 7.8 of the OIE Terrestrial Animal Health 
Code and Directive 2010/63/UE of the European commission. The 
protocol was submitted and approved by the Internal Committee and 
quality assurance department. Before the start of the study, the select-
ed lambs underwent a clinical examination by a veterinary. Animals 
were divided into 4 groups of two animals each, and groups of animals 
were completely separated from each other in ABSL3 facilities. On the 
first day of the study, two sheep of G1 and two sheep of G3 were in-
oculated by intradermal route between the hooves with 108 CFU of 
F. necrophorum bacteria suspensions in 1 ml (Figure 1). Inoculation 
concerned the four feet and was done using insulin needle after prior 
disinfection of the site. On day 8 of the study, two animals of G2 and 
the two animals of G3 were inoculated by the D. nodosus strain by 
bandage of the 4 limbs, by placing sterile compresses soaked by 20 ml 
of the strain during three days. G4 was kept as control throughout the 
study. Care was taken to prevent cross-contamination during handling 
and feeding and gloves were changed between every animal. All ani-
mals were observed daily, with rectal temperature and clinical scoring 
based on the severity of observed symptoms with a notation system 
from 0 to 3 or 4 for lameness as described in Table 1. 

Table 1: Scoring system used to assess clinical signs after inoculation of Fusobacterium necrophorum and D. nodosus in sheep.

Clinical Signs Score

Hyperthermia

Normal (0)
40 < T°C < 40.5 (2)
40.5<T°C<41 (3)

T°C > 41 (4)

Lameness

Absence (0)
Light (1)

Moderate (2)
Severe (3)

Raised foot (4)

Swelling of the joints

Absence (0)
Light (1)

Moderate (2)
Severe (3)

Abscess

Absence (0)
Light (1)

Moderate (2)
Severe (3)

Evolution of symptoms
One week (1)
Two weeks (2)

Three weeks (3)

Figure 1: Inoculation of Fusobacterium necrophorum strain via intradermal 
route between the hooves in sheep.

Sampling and Treatment

Swabs between the hooves were collected from sheep of Groups 
1, 3 and 4 every 3 days post infection (dpi) from D0 (day) to D27 
and for G2 every 3 days from D12 to D27 pi. Swabs were analyzed by 
quantitative real-time reverse transcriptase-polymerase chain reaction 
(RT-qPCR) to monitor bacteria charge according. 

Swabs samples were transported to the laboratory on ice and ana-
lyzed by PCR for bacteria genome detection. Swabs were collected in 2 
ml PBS, homogenized and centrifuged at 2000 rpm for 20 min at 4°C. 
The supernatant was used for analysis.

Quantitative Real-Time PCR

All swabs were screened for bacterial genome detection by real time 
PCR. DNA extraction was carried out using Isolate II genomic DNA 
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kit (Bioline), and eluted in 100μl of elution buffer according to the 
manufacturer’s instructions. 

A quantitative real-time PCR (qPCR) TaqMan assay targeting the 
gyrB subunit gene [25], was used to determine the load of F. necro-
phorum DNA in samples. The strain ATCC was used as positive con-
trol. 

A quantitative real-time PCR (qPCR) TaqMan assay targeting aprV2 
and aprB2 proteases genes [17], respectively detected in virulent and 
benign strains of D. nodosus [21], was used to determine bacterial 
genetic loads and differentiation of virulent and non-virulent strains 
in clinical samples using the aprV2 and aprB2 protease genes [21]. 

Results
Hyperthermia

Sheep inoculated at D0 with F. necrophorum strain (G1 and 3), 
showed hyperthermia above 39.5°C from the second day until D8 pi, 
with the peak at D3 (40.4°C) (Figure 2). For G2, sheep infected with D. 
nodosus strain at D8 developed early hyperthermia the first dpi with 
a peak 40.6°C at D13, the temperature remained up to 40°C during 8 
days for animal 1 and 11 days for animal 2. In G3 infected with the two 
bacteria at D0 and D8, hyperthermia was recorded 14 days following 
the 2nd infection with D. nodosus. Average temperature of control 
animals (G4) remained normal throughout the experiment. 

Clinical Symptoms and Scoring

Animals inoculated with F. necrophorum developed lameness in 
posterior limbs starting D2 pi. Inflammation and swelling in inter-
digital area of hind limbs was observed on D4 in all infected sheep 
with redness and warm foot evolving to fissure with scabby exudate in 

the margin. On D8, the foot of the left posterior member was lifted and 
when moving the head is tilted (Figure 3). Development of abscess at 
the site of inoculation in posterior limbs and swelling was maximal at 
D9 or D10 pi. The abscess burst and discharged cream or pale green 
caseous pus with fool odor. At D12 pi, abscesses generalized in the 4 
members of the two inoculated sheep (Figure 3). The same clinical 
symptoms and evolution was observed in G1 inoculated with F. necro-
phorum and G3 inoculated with F. necrophorum following with D. 
nodosus. However, severity of lesions was the toughest in G3.

Animals infected with D. nodosus strain (G2) developed a lameness 
for 7 days starting D4 pi. Swelling of the joints and redness of inter-
digital areas were noted from D6 pi in limbs of the two inoculated 
sheep for one week. No abscess was registered on the hooves of the 
two sheep.

Animals of G1 and G3 recovered in 3 weeks and eleven days pi in G2. 
Control animals (G4) have not developed any clinical symptoms and 
remained in good conditions. Clinical scoring after infection with F. 
necrophorum was 13, after infection with D. nodosus 7 and with both 
15 in G3 (Table 2).

PCR Results

The bacteria genome of F. necrophorum has been detected by PCR 
up to D21 in G1 and up to D27 pi in G3 with a maximal Ct of 21,5 and 
18 respectively at D18 pi (Table 3). For G2 inoculated with D. nodosus, 
PCR was positive up to D7 pi with D. nodosus with a maximal Ct 
of 31.6. In G3, animals were tested positive with a Ct 35.9 at D4 pi 
with D. nodosus (Table 3). Differentiation between virulent and be-
nign strains of D. nodosus by PCR based on aprV2 and aprB2 protease 
genes, showed that the used ATCC strain is virulent.

Table 2: Clinical scoring observed in sheep infected with F. necrophorum and D. nodosus.

Infection T° Lameness Swelling Abscess Evolution Total Scor-
ing

F. necrophorum 2,25 3,25 2,5 2 3 13
D. nodosus 2,5 1,5 2 0 1 7

F. necrophorum

and D. nodosus
2 4 3 3 3 15

Figure 2: Average temperature post infection: a: animals infected with F. necrophorum; b: animals infected with D. nodosus; c: animals infected with F. necro-
phorum and D. nodosus.

Table 3: Clinical scoring and bacteria charge observed in sheep infected with F. necrophorum and D. nodosus.

Infection
PCR

Clinical Scoring
Ct Duration (days)

F. necrophorum 21.5 21 13

D. nodosus 31.6 7 7

F. necrophorum

and D. nodosus

18

35.9

27

4
15
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Figure 3: Signs observed on infected sheep. Swelling on previous members 
(a), raised foot (b) and abscess inside the hooves (c).

Discussion
The pathogenesis of footrot is very complex and multifactorial [4,26]. 

Footrot is a mixed bacterial infection, in most cases F. necrophorum is 
in all sheep and goat environments and sets a primary stage of infec-
tion allowing footrot to occur with D. nodosus surinfection [6,27].

Maboni et al. [28] and Witcomb et al. [14] reported that D. nodosus 
and F. necrophorum are almost exclusively observed in all stages of 
epidermis disease [7,28]. The role of each bacteria in the pathogenesis 
of footrot steel controversial. In a study examining load of D. nodosus 
and F. necrophorum during natural infection, Witcomb et al. [14] 
found an increase in load of D. nodosus before and during an episode 
of interdigital dermatitis and prior to occurrence of severe footrot 
(SFR) [14]. In contrast, the F. necrophorum load increased only when 
SFR had occurred. The authors concluded that D. nodosus initiates 
disease and F. necrophorum is an opportunist once disease has oc-
curred. Other study reported that F. necrophorum is thought to have a 
role in pathogenesis particularly as an initiator of damage to the inter-
digital skin thereby allowing entry of D. nodosus [6,29].

In order to determine the impact of the primary infection by F. 
necrophorum on the apparition of disease symptoms, sheep were in-
fected with a virulent strain and observed clinical symptoms with or 
without re-infection with D. nodosus. Evaluation was based on clinical 
scoring and bacteria charge obtained on sensitive sheep after experi-
mental infection. Despite the fact that footrot exist in all domestic ru-
minants, sheep is the most affected by the disease because of frequent 
movements specially in extensive breeding which is dominant in Af-
rica and Asia. Indeed symptoms reported in sheep are well described 
and reported to be more severe than in goats or cattle [30,31].

In 1941, Beveridge identified D. nodosus as causal agent. When 
sheep feet were inoculated with D. nodosus, footrot developed, how-
ever, when sheep were inoculated with F. necrophorum, lesions did 
not resemble to footrot. Beveridge concluded that F. necrophorum 
was likely to be a secondary invader in footrot increasing lesions 
severity [28]. In our knowledge, there is no report in of coinfection 
with F. necrophorum and D. nodosus to reproduce footrot disease in 
sheep. In addition, groups of animals inoculated by only one strain (D. 
nodosus or F. necrophorum) was used which essential if the model 
was to be used in the assessment of vaccines efficacy. In this study, we 
did not succeed to reproduce typical lesions of footrot in sheep using 
D. nodosus alone or in association with F. necrophorum.

Infected sheep with F. necrophorum showed symptoms character-
ized by fever, lameness, raised foot and abscess with pus in interdigit-
al area. Used route of infection is the most appropriate reproducing 
natural conditions and allowed to secure the quantity of administered 
bacteria. The disease evolves during three weeks with characteristic 
symptoms and lesions. The injected dose of F. necrophorum seems to 
be sufficient to induce typical symptoms. Corner et al. [32] success-
fully produced lesions in sheep by inoculation F. necrophorum into 
skin devitalized by freezing. All feet that were inoculated with 5.108 
developed marked swellings by D2 to 4 pi, there were trends in the 
data showing increasing severity with increasing dose [32]. 

Recently, strains of D. nodosus have been shown to exist in two dis-
tinct forms: virulent or benign, based on the type of disease caused 
under optimal climatic conditions and our differentiation PCR con-
firmed the virulent pathogenicity [5,10]. In this study, sheep infected 
with D. nodosus showed mild symptoms such hyperthermia, lameness 
and swilling and co-infection with both bacteria increased severity of 
the primary infection with F necrophorum. Bennett et al. 2009 re-
ported that D. nodosus is unable to reproduce symptoms of this dis-
ease on its own, and F. necrophorum is indispensable to induce footrot 
in sheep [33]. 

Conclusion
In this study, Fusobacterium necrophorum induces typical signs of 

ovine interdigital dermatitis, and enhances the severity of footrot, but 
may not be essential to the disease process in all animals, and cannot 
induce the disease alone. 
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